
3D-TRACE Vision:  
Demonstrate that optical (VNIR) cloud and aerosol remote sensing can move beyond the horizontal uniformity 
assumption applied to each pixel.!
Old paradigm: “atmospheric column” retrievals based on rigorous 1D radiative transfer (RT) predicting observed signals!

Why?!
It is the only approach deemed practical in terms of computational efficiency.!

New paradigm: tomographic retrievals based on approximate but fast 3D RT to predict observed signals!
How?!

Computational technology has made quantum leaps.!
Hardware: Moore’s law, which will primarily help us generate high-fidelity 3D RT simulations (spatially realistic synthetic “data”) for algorithm testing!
Software: Capitalize on advances in tomographic methods and inverse problem solutions driven largely by medical science!

Poster presented at:  
Joint 14th Conference on Atmospheric Radiation and 14th Conference on Cloud Physics and Anthony Slingo Symposium 
Boston, Mass, 7-11 July 2014. (Special Session: Emerging Directions in Atmospheric Radiation)  
For more information, including publications, please contact project lead Anthony B. Davis, JPL/Caltech; email: Anthony.B.Davis@jpl.nasa.gov. 
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In medical imaging, physicians need high-resolution images, with high contrast, so 
they can see what’s inside the body, down to the submillimeter level. Such images 
allow physicians to pinpoint treatment, so they can eradicate disease-causing tissue 

without harming healthy tissue that surrounds it. Researchers use varying techniques to 
create images of what’s inside the body. Ultrasound techniques, for example, produce 
high-resolution images but sometimes with little contrast, so it’s hard to discern healthy 
from unhealthy tissue. Optical tomography, which uses infrared light, produces images 
with high contrast but poor resolution. Photoacoustic tomography is a new multi-phys-
ics modality for obtaining high-contrast, high-resolution images of human tissues.

Guillaume Bal specializes in the field of mathematical inverse problems, working 
in the theoretical realm and collaborating with scientists and engineers who are explor-
ing ways to develop new methods for imaging. He has developed mathematical models 
for several modalities of medical imaging, including optical tomography, photoacoustics, 
and several other novel multi-physics modalities combining ultrasound with optical or 
elastic waves. Photoacoustics is seen as a promising modality for obtaining accurate im-
aging of tissue in the human brain. His work also helps inform applications in earth sci-
ence, where researchers work to create images of what exists below the surface of Earth.

Bal also develops mathematical models to analyze equations with random coef-
ficients. He uses such equations for problems involving water or seismic waves moving 
through geologic formations, sound waves moving through the ocean, or light stream-
ing through the atmosphere. These models look at phenomena at the macroscopic scale, 
which is more amenable to computations and parameter estimation. Such analyses are 
crucial in the field of uncertainty quantification with a wide array of applications ranging 
from dynamics in nuclear waste disposals to uncertainties in climate modeling.

  Bal joined Columbia Engineering in 2001 as an assistant professor of applied 
mathematics. In the fall of 2003, he was a visiting scholar at the Institute for Pure and 
Applied Mathematics at the University of California-Los Angeles. Bal has also taught at 
the University of Chicago and was a postdoctoral research associate at Stanford Univer-
sity. He is the recipient of the 2011 Calderón prize. Other awards include an Alfred P. 
Sloan Fellowship in 2003 and an NSF Career Award, also in 2003.
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A New NASA Initiative in Three-Dimensional Tomographic Reconstruction of the Aerosol-Cloud Environment,  
3D-TRACE: Outcome of a One Year Pilot Study 

Anthony B. Davis,1 David J. Diner,1 Igor Yanovsky,1 Michael J. Garay,1 Feng Xu,1 Georgios Matheou,1 Guillaume Bal,2 Jia-Ming Chen,3 Yoav Schechner,4 Amit Aides,4 Zheng Qu,5 Claudia Emde6 

3D-TRACE schematic: Spatially-resolved multi-
angle views (yellow rays) intersect horizontally 
and vertically distributed elements of the scene, 
thus enabling 3D atmospheric tomography. 

Objective   
•  Develop robust and efficient techniques for performing tomographic reconstruction of the 3D atmosphere, 
using remote sensing theory and satellite data, to more accurately represent complex aerosol-cloud 
interactions. 

•  Illustrate via 3D tomographic reconstructions of selected test scenes, both real (MISR) and synthetic with 
different levels of fidelity (ranging from parametric shapes to outputs of Large-Eddy Simulation models). 

•  Design and build a computational framework for developing and testing innovative multi-angle/multi-pixel 
algorithms (possibly with multi-spectral/multi-polarization elements as well). 

Approach 
• Adapt and enhance spatial correlation methods from statistical image processing technology to separate 
radiances originating scene-wide from two distinct cloud/haze layers, e.g., cirrus (Ci) layer over broken cumulus 
(Cu). 

• Use or adapt proven tomographic methods from biomedical imaging technology to infer 3D spatial structure of 
aerosol-dominated and mixed cloud-aerosol scenes. 

• Exploit recent progress in computational 3D radiative transfer, including polarization, for synthetic multi-
pixel/-angle data to support rigorous uncertainty quantification in 3D scene reconstruction. 

ONE-YEAR PILOT STUDY: Proof of 3D-TRACE concept based on 1 + 2x(1+1) + 1 = 6 independent component-level demonstrations …  

MISR/Terra 
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 AOT “projections” 

 tomographic 
reconstruction 

apply constrained  
Arithmetic 
Reconstruction 
Technique (ART) 

MISR’s dense spatial/angular mesh:  
9 angles x many 275 m pixels 

Bring to bear 
MISR’s (L2) 

operational AOTs 
ê 

Introduce grid (voxels): 

Pre-compute fraction @ ea voxel: 

95	
  ground-based cameras	
  	
  
x	
  1282	
  pixels/camera	
  	
  
≈	
  1.5	
  106	
  observa1ons	
  	
  

Radiance data (5 angles) 

Too curvy  failure 

Radiance data (7 angles) 

Test cloud 
Reconstructed 

More data  success 

Find a non-plane parallel—but still parametric—cloud 
shape where the radiative transfer is tractable with 
fast analytical methods, e.g., separation of variables. 

Arbitrary cloud shapes … 

We adopted 2D and 3D cloud models based 
on two semi-ellipses/ellipsoids joined at a 
common plane of symmetry.  In 2D, only 3 
parameters; in 3D, 5 parameters (including 
an orientation angle). 

SSA è 	

1.00	



0.98	



0.95	



cup = 3.75 
cup = 1.75 
cup = 0.50 
cdn = 0.25 
a   = 1.00 

There	
  are	
  
numerical	
  
techniques	
  
for	
  diffusive	
  
RT	
  that	
  are	
  
amenable	
  to	
  
arbitrary	
  
cloud	
  shapes,	
  
hence	
  
varia1ons	
  on	
  
the	
  assumed	
  
geometry.	
  	
  

Standard renderings of LES cloud fields:* 
column 
integral 
LWP 

*Large-Eddy Simulation cloud modeling / Georgios Matheou aerosols only single cloud ç TOMOGRAPHIES è	



10×10 m2 LES cells	


20×20 m2 pixels	
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